The striatum integrates motor behavior using a well-defined microcircuit whose indi- 
that together constitute the striatal modulatory circuit. The relevance of these neuronal populations on striatal function is highlighted by the alteration of distinct neuronal types in several neurological disorders, including chorea (MSN), parkinsonism (DA SNpc), Tourette syndrome (ACh and FS), and dystonia (ACh). Although it is well known that acute alteration of a specific striatal component induces changes in the other elements of the circuit (Girasole & Nelson, 2015; Salin et al., 2009) , knowledge on how chronic loss of a particular cell type disturbs the whole circuit's homeostasis is scarce.
Recent studies have revealed neurotrophic relationships among different striatal neurons. Modulatory striatal interneurons are engaged in reciprocal neurotrophic relationships with DA SNpc (Figure 1a) . Adult FS and some striatal ACh produce glial cell linederived neurotrophic factor (GDNF; Hidalgo-Figueroa, Bonilla, Gutiérrez, Pascual, & López-Barneo, 2012 ), a potent dopaminotrophic factor required for survival and functionality of DA SNpc (Ibáñez & Andressoo, 2016; Kumar et al., 2015; Pascual et al., 2008) .
However, the role of GDNF in adult SNpc survival is still controversial Pascual & López-Barneo, 2015) and needs further clarification. Concomitantly, Sonic hedgehog (Shh), an extracellular ligand involved in cellular specification during development (Ingham & McMahon, 2001) , is produced by DA SNpc and is required during late embryogenesis and early postnatal life for the survival and phenotypic maintenance of FS and ACh as well as DA SNpc itself in a non-cell-autonomous manner (Gonzalez-Reyes et al., 2012) . However, no defect on striatal interneurons has been associated with the strong DA SNpc degeneration observed in Parkinson's disease, suggesting that further complexity is involved in postnatal neurotrophic maintenance of the striatal modulatory circuit. Thus, Shh chronic loss during development and after maturation of striatal neuronal populations may imply different outcomes.
To elucidate postnatal neurotrophic relations in the striatal modulatory circuit, we first investigated the involvement of DA SNpc in striatal interneuron survival by decreasing the number of DA SNpc during postnatal life using Cre-loxP technology. Next, we evaluated the postnatal role of Shh in interneuron maintenance by genetically reducing the levels of Smoothened (Smo), a protein strictly required for transducing Shh signaling, in striatal ACh and FS and characterized the physiology and integrity of the striatal modulatory circuit.
Finally, we searched for alternatives sources of Shh that could be involved in ACh postnatal maintenance.
| RESULTS

| Postnatal dependency of striatal FS but not
ACh on DA SNpc
Previous studies suggested that Shh produced by DA SNpc is required for the maintenance of both striatal ACh and FS (GonzalezReyes et al., 2012) . However, no alterations in the number of striatal interneurons have been associated with the progressive neurodegeneration of DA SNpc observed in Parkinson's disease (Fahn, 2009; Lang & Lozano, 1998) . To evaluate the postnatal neurotrophic potential of DA SNpc over striatal interneurons, we decreased the number of dopaminergic neurons and, consequently, the production of Shh and other neurotrophic molecules synthesized by these cells (Figure 1a, b) . We employed a previously published mouse model Diaz-Castro et al., 2012) . (c) Brain coronal striatal sections immunostained with anti-PV (upper panels), a marker of FS interneurons and anti-ChAT (lower panels), a marker of ACh interneurons antibodies from 8-month-old control (left) and Th-Sdhd (right) mice. Scale bars: 25 µm. Graphs represent the total striatal number of FS (upper panels) and ACh (lower panels) interneurons measured by stereological methods from control (black bars) and Th-Sdhd (green bars) mice. In the entire figure, values represent mean ± SEM n = 6 per group. *p < 0.05 (Student's t test).
where the mitochondrial Sdhd gene is specifically inactivated in the DA SNpc (Diaz-Castro et al., 2012) . Th-Sdhd mice showed a normal number of DA SNpc at birth but suffered a specific dopaminergic postnatal neurodegeneration as they acquired functionality. Sixmonth-old mice lacked more than 95% of DA SNpc, a reduction that remained stable in older mice and correlated with motor-related behavioral defects and with a strong decrease in striatal DA levels (Diaz-Castro et al., 2012) . The authors also showed that the Th-Sdhd model did not present any nonspecific recombination in striatal neurons and that MSN and FS were not altered at the initial stages of the neurodegeneration (2 months old; Diaz-Castro et al., 2012) . We extended this observation to older mice in order to establish the postnatal role of DA SNpc-derived signals over the integrity of striatal interneurons. Stereological unbiased quantifications of ACh and FS in 8-month-old mice revealed a clear decrease (42%) in the number of striatal FS without altering the ACh population ( Figure 1c ).
Although Th-Sdhd mice presented reduced mobility and a difficulty for independent feeding, we were able to age a small group of mice observing a similar reduction in the number of FS interneurons in 12-month-old mice (21,772 ± 4,564 control vs. 13,276 ± 1870 ThSdhd; p = 0.1; Student's t test; n = 3). These results point to the existence of a neurotrophic circuit involving the maintenance of FS by DA SNpc and the independence of the striatal ACh from the DA SNpc.
| Survival of striatal ACh but not FS requires
Shh signaling
Removal of Shh produced by DA SNpc during development has a profound effect on the number and function of adult striatal ACh and FS (Gonzalez-Reyes et al., 2012) . To separately investigate the effect of a postnatal reduction in the Shh signaling on ACh or FS, we independently decreased Smo expression in each cell type. Shh binds to Patched homolog 1 or 2, which in turn relieves the repression of the serpentine transmembrane protein Smo, the obligatory Shh transducer (Ingham & McMahon, 2001) . Striatal ACh and FS acquire their phenotype during the first 2-3 postnatal weeks in rodents along with the expression of specific markers such as choline acetyltransferase (ChAT, Ach; Phelps, Brady, & Vaughn, 1989) and parvalbumin (PV, FS; Schlösser, Klausa, Prime, & Bruggencate, 1999) . To conditionally delete Smo in ACh or FS, we selected the ChAT-Cre (Rossi et al., 2011) and PV-Cre (Hippenmeyer et al., 2005) lines (Figure 2a ,e). To validate the specificity of these mouse lines, we used the Rosa26R-YFP reporter mouse. Almost all YFP-positive cells coexpressed the ChAT marker by immunohistochemistry in
ChAT-Cre; R26R-YFP mice (Supporting Information Figure S1a ) and more than 50% of cells positive for PV were also positive for YFP in the PV-Cre; R26R-YFP line (Supporting Information Figure S1b ), indicating specific recombination in both mouse models. of Smo mRNA at 1 month, and this was further confirmed at 4 and 10 months of age (Supporting Information Figure S1c ). In the PVSmo model, we did not observe any changes in the mRNA levels of
Smo at 1 month of age (Supporting Information Figure S1d ). However, as time advanced, we found a significant decrease of around 50% in the striatal Smo levels (4-month-old mice), and this reduction was further confirmed at 10 months of age (Supporting Information Figure S1d ). Notably, Smo is not only expressed within the striatum by ACh and FS but also by other neuronal and non-neuronal cells 
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Collectively, these data strongly suggest that Shh signaling is postnatally required in the striatum to preserve ACh but is not involved in the postnatal maintenance of FS.
| Shh is expressed by striatal interneurons
To reconcile the dependence of striatal ACh on Shh and not on DA Shh observed in our models (Supporting Information Figure S4a ), we tried to replicate the effect of SAG and Cyc over GDNF expression.
No differences were found after stereological injection of both molecules using the protocol described in Ref. (Gonzalez-Reyes et al., 2012) , although a trend to decrease with SAG treatment was detected (Supporting Information Figure S4b ), altogether suggesting that the cross-regulation between GDNF and Shh may be of smaller magnitude than previously proposed.
| DISCUSSION
We define three parallel and interdependent neurotrophic relation- (Chinta et al., 2007; Lin et al., 2012; Tillack, Aboutalebi, & Kramer, 2015) .
Shh signaling has been proposed as a key factor for the physiology and survival of each component of the striatal modulatory circuit. In this context, the work by Gonzalez-Reyes et al. (2012) showed that the embryonic removal of Shh from DA SNpc produces degeneration of striatal ACh and FS (Figure 5d, left) . However, our data reveal that postnatal interruption of Shh signaling in FS cells has no effect on interneuron survival or striatal physiology and that, on the contrary, Shh signaling is required in striatal ACh for survival 
| Antibodies
The following primary antibodies were used in this study: antiparvalbumin (PV; rabbit, Swant, 1:1,000); anticholine acetyltransferase (ChAT; mouse, Millipore, 1:500); antityrosine hydroxylase (TH; rabbit, Novus, 1:1,000); chicken anti-EGFP (chicken, Aves Lab, 1:1,000); rabbit anti-EGFP (rabbit, Invitrogen, 1:1,000); and anti-mCherry (Chicken, EnCor, 1:1,000).
| Tissue preparation
After deep anesthesia with thiobarbital (Braun), mice were transcardially perfused with 0.1 M phosphate-buffered saline (PBS), pH 7.4, followed by 4% paraformaldehyde (PFA; Sigma) in 0.1 M PBS, pH 7.4. Brains were immediately removed, postfixed overnight in the same fixative at 4°C, and paraffin-embedded using an automatic tissue processor (ASP300S; Leica). Coronal mouse brain sections of 20 µm were obtained using a microtome (RM2255; Leica) and were then incubated overnight at 37°C before immunohistochemistry.
For monitoring Cre recombinase expression, brains were embedded in gelatin and 50-µm-thick sections were obtained using a vibratome (Leica).
For in situ hybridization, 2-month-old wild-type mice were processed following RNAscope protocols (ACD). In brief, immediately following dissection the brain was fixed in 10% neutral-buffered formalin (Sigma) for 24 hr at room temperature. Fixed samples were paraffin-embedded using an automatic tissue processor (ASP300S; Leica).
| Light microscopy immunohistochemistry
Serial sections from control and transgenic mice were processed in parallel for light microscopy immunostaining using the same batches of solutions to minimize variability in the immunohistochemical labeling conditions. Coronal brain sections were deparaffinized using standard procedures, and the rehydrated sections were first treated with 3% H 2 O 2 in PBS, pH 7.4 for 20 min to inhibit endogenous peroxidases, followed by 10% normal goat serum and bovine serum albumin (10 mg/ml) for 1 hr, to block unspecific binding sites. 
| In situ hybridization
Coronal mouse brain sections of 10 µm were obtained using a microtome (RM2255; Leica) and were then incubated overnight at 37°C before ISH. RNAscope protocol was performed as indicated for formalin-fixed paraffin-embedded samples (ACD) using a HybEZ oven (ACD) with a negative control probe, a Ppib probe as a positive control, and Shh, Pvalb, Chat, and Smo probes (ACD). Individual detection was performed using the RNAscope 2.5 Assay and double ISH using the RNAscope 2.5 Duplex detection kit. Quantification of
Smo signal was performed blinded to the genotypes by scoring the number of small dots (one point) in Chat-or Pvalb-positive interneurons. Bigger dots were scored with 2-4 points depending on its size.
| Stereological analysis
The total number of FS (PV-immunoreactive) and ACh (ChAT-immunoreactive) was obtained by stereology-based quantification of the striatum from different transgenic mice (n is described in the figure legends) using an Olympus BX61 microscope and the NEWCAST software package (Olympus). 
| HPLC
Striata were dissected in ice-cold PBS. After sonication, homogenates were filtered by Ultrafree-MC centrifuge filter units (Millipore) and kept at −80°C. Dopamine and related metabolites were analyzed by high-performance liquid chromatography (HPLC) using a chromatographic ALB-215 column (ANTEC Leyden) according to the manufacturer's indications. Protein pellets were resuspended in NaOH 0.1 N and quantified using Bradford reagent (Quick Start Bradford, Bio-Rad).
| GDNF ELISA
Striatal GDNF protein content was estimated using a commercial ELISA kit (GDNF Emax Immunoassay System; Promega). Brain was removed and immediately frozen in liquid nitrogen. Hemicortex and striatum were processed as described (Pascual et al., 2008) . Absorbance from hemicortical sample extracts was subtracted to each individual striatal measurement. Zhao et al., 2011) . In brief, 4-and 10-month-old mice of both sexes were anesthetized with 2% tribromoethanol (0.15 ml/10 mg) and rapidly decapitated. The brains were dissected and transferred to NMDG ice-cold artificial cerebrospinal fluid (ACSF) composed of (in 
| Preparation of acute brain slices
| Electrophysiology
For whole-cell patch-clamp recordings, slices were transferred into a recording chamber that was perfused with 33 ± 1°C bubbled ACSF at 2-3 ml/min. Putative striatal MSNs were visualized by a Nikon Eclipse 
| Identification of neurobiotin-injected neurons
A subset of experiments was performed by including 0.5% neurobiotin (Vertor Laboratories) in the internal pipette solution. These slices were processed for revealing neurobiotin and its colocalization with DARPP-32, a marker for MSN. After recording, slices (350 µm) were transferred to a 4% PFA in PBS solution at 4°C overnight.
Then, slices were washed with PBS and incubated with a blocking solution containing 3% fetal bovine serum and 1% Triton X-100 in PBS for 2-3 hr. Then, slices were incubated with primary polyclonal antibody rabbit anti-DARP-32 (1:1,000; Millipore) and rhodamine avidin D (2 µl/ml; Vector Laboratories) overnight at 4°C. After washing ORTEGA-DE SAN LUIS ET AL.
| 11 of 14 with PBS, slices were incubated with secondary antibody (Alexa 488 donkey anti-rabbit, 1:500, Jackson Immunoresearch) in PBS and 0.3% Triton X-100 at 4°C overnight. Finally, slices were embedded with fluorescent mounting medium (Dako) and visualized in a confocal microscope (Zeiss LSM 7 Duo).
| Western blot
The striatum and ventral mesencephalon from one hemisphere were dissected on PBS, pH 7.4 on ice, and fast-frozen on liquid nitrogen.
Samples were homogenized in RIPA buffer (NP-40 1%; deoxycholate acid sodium salt 0.5%; SDS 0.1%; NaCl 150 mM; Tris-HCl 50 mM pH 7.4; EDTA 1 mM; protease and phosphatase inhibitors) using a 23-G needle. Samples were centrifuged for 15 min at 13,000 g, 4°C, and pellet was resuspended in 100 µl of Laemmli buffer (Tris-HCl 250 mM pH 6.8; SDS 4%; glycerol 25%; bromophenol blue 0.1%; bmercaptoethanol 0.05%). The samples were sonicated and quantified using RCDC protocol (following manufacturer indications). The antibody used was anti-Shh (5E1 DSHB), and the total level of proteins loaded was calculated by Ponceau staining. Quantification was carried out using IQ TL Software (v2003).
| Stereotactic injection
Mice were anaesthetized using a solution of ketamine/xylazine at 100, 8 mg/kg, respectively. SAG and CYP were unilaterally injected into the right striatum (−0.5 mm anteroposterior; ±2.4 mm mediolateral; −2.5 mm dorsoventral) using a 1-µl neurosyringe (7001 KH;
Hamilton). The needle was slowly lowered to coordinates, and it was left in place for 5 min after the injections before it was slowly withdrawn. Cyclopamine (C-8700; LC Laboratories) was diluted at 2 µg/ µl in 45% HBC (2-hydroxypropyl-beta-cyclodextrin; Sigma) in PBS, and 0.5 µl of the prior solution was injected. Smoothened Agonist SAG (Calbiochem) was diluted in PBS at 50 nM and 32 nl of the prior solution was injected. Left striatum was injected with Sham solution (vehicle). Animals were sacrificed 30 hr after injections, striata were dissected, and RNA was extracted.
| Statistical analysis
Data are presented as mean ± standard error of the mean. 
